When microbes lack the nutrients necessary for growth, they enter stationary phase. In cases when energy sources are still present in the environment, they must decide whether to continue to use their metabolic program to harvest the available energy. Here we characterized the metabolic response to a variety of types of nutrient starvation in Escherichia coli and Bacillus subtilis. We found that E. coli exhibits a range of phenotypes, with the lowest metabolic rates under nitrogen starvation and highest rates under magnesium starvation. In contrast, the phenotype of B. subtilis was dominated by its decision to form metabolically inactive endospores. While its metabolic rates under most conditions were thus lower than those of E. coli, when sporulation was suppressed by a genetic perturbation or an unnatural starvation condition, the situation was reversed. To further probe stationary-phase metabolism, we used quantitative metabolomics to investigate possible small-molecule signals that may regulate the metabolic rate of E. coli and initiate sporulation in B. subtilis. We hypothesize a role for phosphoenolpyruvate (PEP) in regulating E. coli glucose uptake and for the redox cofactors NAD(H) and NADP(H) in initiation of sporulation. Our work is directly relevant to synthetic biology and metabolic engineering, where active metabolism during stationary phase, which uncouples production from growth, remains an elusive goal.
M
icrobes have evolved to survive in extreme environments. A particularly ubiquitous stress condition is one where absence of nutrients prevents growth and proliferation. Whether in terrestrial, aquatic, or host environments, microbes are constantly faced with conditions where key elements, such as carbon, nitrogen, phosphorus, or sulfur, are scarce (1) (2) (3) . While most organisms have evolved intricate methods for scavenging the few available resources, they must also survive the scenario when scavenging fails and they are forced to enter stationary phase or quiescence. This nongrowing state can lead to a fascinating diversity of behavior, from cannibalism (4) to differentiation programs like sporulation (5) . A great deal of interest in quiescent bacteria is due to their enhanced resistance to antibiotics (6, 7) combined with the fact that many pathogens may stay in a quiescent state inside the host for extended periods (8) . The fact that bacteria maintained in stationary phase quickly develop mutations that enhance survival (9) points to the importance of regulation of stationary-phase processes.
The majority of laboratory stationary-phase studies are done under conditions where carbon is limiting, which includes stationary phase in complex media, such as LB (see Fig. S1 in the supplemental material). For the many bacteria that use carbon catabolism for energy generation, carbon starvation implies a lack of energy, and consequently, the cell has a limited array of stationary-phase responses. On the other hand, if noncarbon nutrients are limiting for growth, a full catabolic program is possible (10) , and the harvested energy could be invested in a variety of ways. Still, metabolic activity without growth could have potential downsides, such as the accumulation of toxic intermediates or decreased resistance to antibiotics, and it is not obvious how microbes resolve this trade-off (11) .
Stationary phase under excess-carbon conditions is also of great interest for industrial microbiology (12) . Production of heterologous metabolites during exponential growth requires a costly trade-off between biomass synthesis and product synthesis (13) , while production during stationary phase would in theory maximize product synthesis and ideally could be part of a continuous production process (14) . The potential of cells to continue active metabolism in the absence of growth has been explored but not fully realized. Starvation for nitrogen, for instance, is a standard technique for lipid production in algae (15) , but attempts to increase the metabolic rate in model organisms through selection have yielded only minor improvements (16) .
In this study, we characterized stationary-phase metabolism in the model Gram-positive and Gram-negative species Bacillus subtilis and Escherichia coli. Despite their ancient divergence and significant morphological differences, they have a great deal of similarity in the regulation of their metabolism during exponential growth (17) . However, these organisms possess very different programs to respond to nongrowth conditions, which might be expected given their wildly different ecological niches: E. coli primarily inhabits the intestines of mammalian hosts, while B. subtilis is commonly found in the soil. The E. coli response to starvation is largely mediated by the transcription factor S , which induces a program that remodels the cell into a more resistant state but also prepares for fast outgrowth should environmental conditions improve (18) . While B. subtilis encodes an analogous program via the transcription factor SigB (19) , it can also initiate a complex differentiation program, involving almost one-third of its genome, that results in the formation of an endospore (20) . These spore cells are highly stress resistant and may endure long periods of unfavorable environmental conditions but are metabolically inert and resume growth less readily. The specifics of these stationary-phase responses may depend strongly on the precise environmental conditions (21, 22) . Moreover, the extent to which cells adjust their metabolism during stationary phase and the mechanisms by which they accomplish this are largely unclear.
By examining carbon-excess stationary phase, where a large metabolic program is available to the cell, we found significant differences between the metabolic phenotypes of E. coli and B. subtilis. While E. coli exhibited a range of metabolic activity in stationary phase that depended on the limiting nutrient, the response of B. subtilis was defined almost completely by its decision to form metabolically inactive spores. When the sporulation response was inhibited, either by a genetic perturbation or by using an artificial starvation condition, B. subtilis exhibited extended metabolic activity that was significantly stronger than the activity of E. coli under most conditions.
MATERIALS AND METHODS
Strains and media. E. coli BW25113 was used for all growth, physiology, and metabolomics experiments, except those involving tryptophan and leucine starvation, which used KEIO collection (23) ⌬trpC and ⌬leuC strains, respectively (the ⌬trpE and ⌬leuB strains were also tested and gave identical results). E. coli p ptsG -GFP was obtained from a promoter-green fluorescent protein (GFP) library (24) . B. subtilis TF8A (25) was used for all growth, physiology, and metabolomics experiments, except leucine starvation, which used a ⌬leuCD mutant in the same background (26) . Other genetic backgrounds used for comparative sporulation frequencies are identified and referenced in Fig. 3 .
M9 medium with glucose as a carbon source was used for all experiments except phosphate starvation, which used a modified version of defined low-phosphate medium (27) . Complete medium composition is provided in Table S1 in the supplemental material. All experiments were performed at 37°C with 25 to 50 ml of culture in 500-ml flasks. For all experiments, exponential-phase LB precultures were diluted into standard M9 glucose medium to an optical density at 600 nm (OD 600 ) of ϳ0.01. After 4 to 6 doublings, cells were spun down, residual medium was washed off, and cultures in nutrient-limited medium were inoculated at an OD 600 of ϳ10 Ϫ4 to ensure steady-state exponential growth before the start of sampling.
Physiology. Glucose in culture supernatants was measured using the Gopod enzymatic assay (Megazyme, Bray, Ireland) using a microplate absorbance reader (Tecan, Männedorf, Switzerland), typically with three technical replicates per data point. Acetate, pyruvate, lactate, and other organic by-products were measured using high-performance liquid chromatography (HPLC) with a UV detector (Agilent, Santa Clara, CA,USA) (10) . A conversion factor of 0.41 g cell dry weight (gcdw)/liter/OD 600 was used for all rate calculations.
ATP synthesis rates were estimated using the simplified E. coli metabolic model (28) , modified to eliminate the succinate/H ϩ antiporter and allow reversibility of the succinate/H ϩ symporter. Biomass production was fixed to zero, and the objective was set to maximization of ATP maintenance use. For each condition, 1,000 simulations were done, each one consisting of choosing substrate uptake and secretion rates from a normal distribution determined by the means and standard deviations given below (see Table 1 ) and providing them as hard constraints. The means and standard deviations of the resulting distribution of ATP yield are given below (see Table 1 ).
Metabolomics. Samples for metabolite quantification were collected by vacuum filtering 1 ml of culture onto a 0.22-m Durapore filter (Millipore) and immediately placing it in a cold (Ϫ20°C) 40/40/20 (vol/vol/ vol) acetonitrile-methanol-water mixture for 30 min (29) . A standard solution of previously extracted 13 C-labeled biomass was added concurrently with the sample. Cell debris was removed by centrifugation at 14,000 ϫ g at 0°C for 10 min, and samples were then dried in a speed vac setup (Christ, Osterode am Harz, Germany) and stored at Ϫ80°C until analysis. For mass spectrometry analysis, samples were resuspended in 100 l water, and liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed as described previously (30) . Metabolites were quantified by computing the ratio of the 12 C and 13 C peaks, and absolute concentrations were obtained by comparing to a standard curve produced by pure compounds.
Sporulation frequency. B. subtilis cultures were diluted in 0.9% NaCl to approximately 1,000 to 5,000 cells/ml and divided into two tubes; one was placed in an 80°C water bath for 25 min, while the other was kept at room temperature. One hundred microliters from each tube was spread on each of three LB agar plates, and colonies were counted after 18 to 24 h. Sporulation frequency was determined as the ratio of the average colony counts of heated cells to the average colony counts of nonheated cells.
RESULTS
Diverse starvation environments lead to quantitative differences in metabolic activity. To quantify the effect of starvation for essential noncarbon nutrients on metabolic activity, we grew cultures in minimal glucose medium with reduced levels of nitrogen, sulfur, phosphorus, or magnesium. Unlike a chemostat, in which medium is replenished to allow a defined growth rate, the limiting nutrient was completely exhausted in our experiments, leading to stationary phase with extended metabolic activity. The concentrations of the limiting nutrients (see Table S1 in the supplemental material) were chosen to allow growth until an OD 600 of 0.5 to 1.0 was reached, when less than 25% of the original glucose (4 g/liter initial concentration) had been depleted. In both E. coli and B. subtilis, the growth rate during the exponential phase was largely unaffected by the lower concentration of the limiting nutrient. Upon growth arrest, the metabolic activity of the culture, defined by the glucose uptake rate, quickly declined and within a few hours usually reached a new steady state that persisted for more than 24 h.
All starvation conditions led to measurable stationary-phase metabolic activity (Fig. 1 ). E. coli showed a continuum of uptake rates, with the lowest rate under nitrogen starvation (0.46 mmol/g cell dry weight [gcdw]/h) and the highest under magnesium starvation (4.27 mmol/gcdw/h). These represent approximately 5% and 50%, respectively, of the uptake rate during exponential growth (8.72 mmol/gcdw/h). In contrast, B. subtilis was less metabolically active, and its physiology was more consistent across conditions. While the glucose uptake rate in B. subtilis under nitrogen starvation was similar to that of E. coli, B. subtilis also exhibited similar rates under phosphate and sulfur limitation, which were lower than the corresponding rates for E. coli. This is despite the fact that its uptake rate during exponential growth is similar to that of E. coli (9.75 mmol/gcdw/h). We could not achieve a defined magnesium-limited stationary phase for B. subtilis, presumably due to its known low affinity for Mg 2ϩ (31) . Distinction between natural and artificial starvation conditions. Previous studies in yeast have elucidated key differences between "natural" starvation, in which nutrients like carbon, nitrogen, phosphorus, or sulfur are absent from the environment, and "artificial" starvation imposed by the combination of a genetic mutation, for instance, in an amino acid biosynthesis pathway, and the absence of an appropriate supplement in the environment. In Saccharomyces cerevisiae, natural starvation led to increased survival and lower metabolic activity, as well as significant differences in cell size and morphology, compared to findings for artificial starvation conditions (32, 33) . To determine the extent to which the distinction between natural and artificial starvation played a role in the stationary-phase metabolic phenotypes of E. coli and B. subtilis, we subjected mutants deficient in biosynthesis of tryptophan or leucine to starvation for the respective nutrient. Similar to the situation for natural starvation, growth during the exponential growth phase was largely unaffected but stopped upon exhaustion of the limiting nutrient.
In parallel to yeast, we found that B. subtilis starved for leucine or tryptophan and unable to synthesize the amino acid exhibited behavior entirely opposite to its phenotype during nitrogen, phosphate, or sulfate starvation (Fig. 2) . The glucose uptake rate of 2.3 mmol/g/h (leucine starvation) and 3.2 mmol/g/h (tryptophan starvation) was 5-fold to 10-fold higher than what was observed for the natural-starvation cases. However, in E. coli, the metabolic activity under leucine and tryptophan starvation was in the same range as that observed for natural starvation, suggesting an entirely different strategy of metabolic control in stationary phase. Sporulation frequency dominates stationary-phase behavior in B. subtilis. One of the defining features of B. subtilis and closely related species is the ability to form highly stress-resistant and metabolically inactive endospores. While carbon starvation is the most common laboratory condition used to induce sporulation, starvation for nitrogen and phosphate has also been linked to sporulation (5, 21) . To determine the role that the sporulation program plays in regulating metabolic activity under our carbonexcess stationary-phase conditions, we quantified spore formation by counting heat-resistant cells at various time points after starvation. We found that for all three natural starvation conditions (nitrogen, phosphate, and sulfur), viable spores began to appear within about 4 to 6 h of the end of exponential growth, and a plateau of 80 to 100% of cells forming spores was reached after approximately 8 to 10 h (Fig. 3) . This corresponds to the time period thought to be required to form a mature spore (5), suggesting that the onset of the sporulation program begins soon after growth arrest for most cells. Since mature spores are known to be essentially metabolically inactive (34) , this large fraction of spores is very likely to be the key mechanistic explanation of the very low metabolic activity by B. subtilis under nitrogen, phosphate, or sulfur starvation. In contrast, auxotrophic strains under tryptophan or leucine starvation formed no spores, in agreement with the high metabolic activity under those conditions. Lack of sporulation is unlikely to be caused by a requirement for the missing amino acid for spore formation, since previous studies showed that leucine auxotrophs do sporulate in carbon starvation media also lacking leucine (35) .
To further characterize the relationship between sporulation frequency and metabolic activity, we performed the same experiments with a number of genetic variants of B. subtilis. The experiments described above were performed with strain TF8A (25), a variant of B. subtilis 168 with several large and apparently nonfunctional genomic regions removed. No phenotypic differences between TF8A and the more common lab strain 168trpC2 were previously reported (25) . We assayed the original 168trpC2 strain, along with several other derivatives (36-38) for sporulation frequency and glucose uptake rate during stationary phase. Two remarkable findings are evident in the results shown in Fig. 3A . First, even closely related strains whose genetic differences do not have any obvious relationship to the conditions tested differ greatly in their sporulation frequencies. While all strains sporulated with high frequency under nitrogen starvation, more variability was present under phosphate starvation, and only TF8A formed a high number of spores under sulfur starvation. Second, there is a clear inverse linear relationship between sporulation frequency and glucose uptake rate in stationary phase, further corroborating the hypothesis that the sporulation decision determines the metabolic phenotype of stationary-phase B. subtilis.
An alternative explanation for the relationship between sporulation frequency and metabolic activity is that the starvation environment leads to lower glucose uptake rates and that the lower metabolic activity in turn induces sporulation. To analyze this hypothesis, we assayed stationary-phase metabolism in a number of genetic mutants deficient in sporulation. Figure 3B shows the stationary-phase physiology of a ⌬sigF mutant (in the TF8A background) compared to that of the wild type. Since sigF encodes a key transcription factor in the sporulation program, this strain arrests the sporulation program before mother cell lysis. The ⌬sigF strain continues to take up glucose for more than 24 h after starvation, with a metabolic rate more than 5 times that of the wild type. Under other starvation conditions, the glucose uptake rates of this strain are close to the intercept of the linear fit in Fig. 3A, i.e., the predicted uptake rate of a wild-type strain that does not form any spores. The same experiment was performed with deletions of other genes crucial for sporulation (⌬spo0A, ⌬spo0H, ⌬sigE, ⌬sigG, and ⌬spoVS) and in other genetic backgrounds, with identical results. These results suggest that sporulation is induced directly by the environment and that the low metabolic rate is a consequence.
Factors involved in regulation of stationary-phase glucose uptake. Sporulation represents a major developmental program with a clear connection to control of stationary-phase metabolism in B. subtilis. Without a comparable program in E. coli, the question of what factors influence metabolic rates during stationary phase in E. coli remains. One candidate mechanism by which E. coli could control its uptake of glucose would be the expression of (25) used for the majority of this work was compared to other standard lab strains, 168trpC2 and 1A747 (38) , as well as the prototrophic strain BSB168trpϩ (37) and strain QB5448 (36), which was used as a control for the ptsG overexpression strains. While all strains sporulated at near-100% rates under nitrogen starvation (blue) and carbon starvation (not shown), there was more variability in sporulation frequency under phosphate (aqua) and sulfate (yellow) starvation. In some cases, stationaryphase physiology could be separated into early and late stages, in which case the two stages are shown as separate points. Biological replicates are also shown as separate points. (B) Comparison of stationary-phase physiology for the wild type (TF8A) and the sporulation-deficient ⌬sigF mutant under phosphate limitation. the glucose transport genes. To determine if transcriptional control of transporter expression is responsible for the range of observed metabolic activity phenotypes, we assayed expression of the major glucose transport protein PtsG (Fig. 4A ) using a promoter-GFP construct (24) . We found that PtsG expression under all glucose-excess stationary-phase conditions was essentially identical to its expression during exponential growth on glucose (Fig. 4B) , showing that transporter expression cannot be limiting for glucose uptake during stationary phase and uptake must instead be controlled at the metabolite level. An analogous construct was used to assay B. subtilis PtsG expression (39), with similar results. Furthermore, strains constitutively expressing PtsG in B. subtilis (36) were not deficient in sporulation under any condition.
To find out what metabolic factors could be responsible for the control of glucose uptake in stationary phase, we quantified metabolite concentrations under the previously analyzed stationaryphase conditions and under carbon starvation and exponentialgrowth conditions. Many effects were both intuitive and largely conserved across both E. coli and B. subtilis. In both species, carbon limitation led to an increase in phosphoenolpyruvate (PEP) and decreases in other glycolytic metabolites, most notably 1,6-fructose-bis-phosphate (FBP). Phosphate limitation led to significant decreases in phosphorylated glycolytic intermediates as well as nucleotides, while nitrogen limitation caused severe decreases in amino acids (see Tables S2 and S3 in the supplemental material). These effects correspond well to previous characterization of these starvation states in E. coli and S. cerevisiae (40) .
One of the strongest metabolic effects of nitrogen starvation previously characterized in E. coli is the buildup of ␣-ketoglutarate (␣KG), the substrate of the major nitrogen assimilation pathway. Indeed, we see a 7-fold increase in the ␣KG concentration uniquely under nitrogen starvation (Fig. 4C) . Consistent with this increase mediating allosteric inhibition of the phosphotransferase system (PTS) glucose transporter (41), glucose uptake rates during nitrogen starvation were lower than those under any other noncarbon starvation condition for E. coli. However, for B. subtilis, we did not observe a significant increase in the ␣KG concentration at any point during nitrogen starvation. This unexpected finding may be due to a combination of two factors: first, intracellular glutamate and glutamine concentrations in B. subtilis are about 5-fold and 10-fold higher, respectively, than those in E. coli, and second, the glutamate dehydrogenase (GDH) enzyme in B. subtilis has a very low affinity for ammonium, and thus B. subtilis relies exclusively on glutamine synthase (the GS-GOGAT cycle) for ammonium assimilation (42) (Fig. 4A) . Thus, one possibility is that B. subtilis uses the large pool of glutamine to continue running the GOGAT reaction for some time in the absence of ammonium, preventing ␣KG accumulation. It is unclear what happens after the glutamine pool is depleted (as occurs after 1 to 2 h; see Table S3 in the supplemental material), but it is possible that nitrogen is released from protein degradation, incoming carbon is diverted before reaching ␣KG, or ␣KG consumption by other pathways, like the tricarboxylic acid (TCA) cycle, increases.
The major outlying condition for E. coli metabolic activity was magnesium starvation, when glucose uptake rates were significantly higher than those under any other stationary-phase condition. Further investigation into the physiology of magnesiumstarved E. coli revealed a massive accumulation and secretion of pyruvate, with pyruvate secretion accounting for about 75% of consumed carbon (Table 1) . This unusual phenotype (acetate and lactate are more common E. coli fermentation products [43] ) is likely to be due to inactive pyruvate dehydrogenase (PDH), an enzyme that absolutely requires Mg 2ϩ as a cofactor (44) . However, given that several upstream enzymes in glycolysis also bind Mg 2ϩ and require it for full activity, it is unclear why the metabolic block should manifest itself specifically at PDH. An attractive hypothesis was that flux during magnesium starvation is shuttled to the Entner-Doudoroff pathway, whose enzymes may potentially function without Mg 2ϩ . However, we did not observe any accumulation of the Entner-Doudoroff intermediate 2-keto-3-deoxygluconate-phosphate under magnesium starvation, and dynamic 13 C labeling experiments were consistent with the majority of glucose entering the Embden-Meyerhoff (classical glycolysis) pathway (data not shown). As such, a more likely explanation is that PDH has a lower affinity for Mg 2ϩ than glycolytic enzymes or has less potential for substitution by other metal ions.
The block at PDH did propagate somewhat to the upstream metabolites PEP, bis-phosphoglycerate, and phosphoglycerate, leading to higher concentrations of those metabolites than observed under any other condition (except for PEP under carbon starvation). Curiously, conditions with intermediate glucose uptake rates also showed intermediate PEP levels, leading to a correlation of 0.98 between the uptake rate and the PEP concentration across conditions (Fig. 4D) . Six other metabolites also showed correlation above 0.9, but only PEP also showed correlation above 0.5 if the outlying magnesium starvation condition was removed. A role for PEP in activating glucose uptake is a promising hypothesis for two reasons. First, PEP is a substrate of the glucose phosphorylation reaction that is coupled to uptake through the PTS system, and thus high concentrations could increase activity directly. Second, increases in intracellular PEP have consistently been associated with carbon starvation (40, 45) , a condition under which the cell may be trying to maximize uptake of the little available carbon.
An alternative hypothesis for the observation of high glucose uptake rates under magnesium limitation relates to energy demand. Glucose uptake rates in E. coli during exponential growth have been linked to ATP demand (46) , and production of pyruvate would provide significantly less ATP than complete combustion of glucose to CO 2 through the TCA cycle. Thus, cells may compensate by increasing the total amount of glucose catabolism. To determine if the total amounts of ATP produced during stationary phase were comparable under the diverse stationaryphase conditions, we estimated ATP production using flux balance analysis with a simplified stoichiometric model of E. coli metabolism (28) . Biomass production rates were set to zero, substrate uptake and product secretion rates were constrained by observed data (Table 1) , and net ATP synthesis was maximized with a P-to-O ratio of approximately 1.2. The observed rates for most conditions were consistent with current estimates of 8 to 10 mmol ATP/gcdw/h for non-growth-associated maintenance costs (47) ( Table 1 ). The ATP production estimated under magnesium limitation exceeded this threshold, suggesting that energy demand cannot fully explain the high uptake rates observed under this condition. However, two caveats could lead to an overestimation of energy yields: first, the lack of Mg 2ϩ may inhibit ATP synthase itself (48) , and second, increased membrane fluidity in magnesium-starved cells (49) could increase proton permeability and thus lower the P-to-O ratio. Other caveats fundamental to stoichiometric analysis also remain; for instance, ATP-dissipating futile cycles could lead to lower than estimated ATP yields.
Sporulation signals in B. subtilis. As noted previously, the dominating factor in B. subtilis stationary-phase behavior was the decision to sporulate. While the network of protein phosphorylation and transcriptional regulation events that drives the sporulation program is extremely well characterized (5), less is known about how B. subtilis senses the starvation signal that initiates sporulation. Much evidence points to a decrease in the GTP concentration as a key trigger (50, 51) , but a complete model of how the GTP concentration affects sporulation is still lacking (52, 53) . To investigate the extent to which changes in GTP and other associated metabolites predicted sporulation, we analyzed the time course of metabolite concentrations upon entry into starvation and compared conditions that led to sporulation with those that did not. As seen in Fig. 5A , GTP levels dropped sharply during carbon starvation, consistent with findings in previous work (21) . However, nitrogen starvation, which led to equally high sporulation frequencies, actually induced a slight increase in the GTP concentration, while tryptophan starvation, which prevented sporulation, led to an even larger drop in GTP. Similarly, considering other proposed signals of sporulation, such as the guanylate energy charge (a measure of the fraction of phosphorylation state of guanine nucleotides), ATP (54) , or the ATP-to-GTP ratio, could not clearly distinguish conditions that led to a high sporulation frequency from those that did not (Fig. 5B to E) .
In fact, no single signal was absolutely consistent with driving the sporulation decision. The closest examples of metabolic changes that mirrored the division between sporulating and nonsporulating conditions were NAD(H) and NADP(H) concentrations, which dropped more slowly and by a smaller magnitude under tryptophan and leucine starvation than under natural starvation conditions (Fig. 5G to H) . These redox cofactors, particularly NAD ϩ , have recently been implicated in regulation of the KinA and KinB kinases upstream of the master sporulation regulator Spo0A (55) . While the extraction and quantification methods used in this work do not allow distinction of total pool fluctuations from redox balance fluctuations, our results are consistent with the hypothesis that a major sporulation trigger is inhibition of respiratory activity, which leads to a drop in NAD ϩ , activating KinA and the downstream program (56, 57) .
DISCUSSION
Control of metabolic activity in stationary phase. In this work, we explored stationary-phase behavior in two distantly related bacteria, E. coli and B. subtilis. In contrast to most studies of starvation, which focus on conditions where carbon is limiting and little active metabolism is possible, we have turned our focus to carbon-excess stationary phase. We find that the rate of metabolic activity, measured as the substrate uptake rate, depends strongly on the limiting nutrient for both E. coli and B. subtilis. E. coli exhibited a continuum of stationary-phase behavior, ranging from very low metabolic activity under nitrogen starvation (ϳ5% of the uptake rate during exponential growth) to extremely high activity under magnesium starvation (ϳ50% of the uptake rate during exponential growth). On the other hand, the phenotype of B. subtilis was almost entirely determined by the sporulation decision. This led the metabolic activity under natural starvation conditions to be generally lower than that of E. coli. However, when the sporulation phenotype was suppressed, either by genetic perturbation or unnatural starvation conditions, B. subtilis actually exhibited significantly higher metabolic activity than E. coli (with the exception of the magnesium starvation condition). This higher rate was also previously observed in wild-type cells under nitrogen limitation when a somewhat different experimental protocol led to no spore formation (10) . Currently, understanding of how glucose uptake is controlled during stationary phase in E. coli is sparse. This is in large part because, as in many other aspects of metabolic regulation, the key regulatory interactions likely do not modify gene expression but rather enzyme activity through allosteric regulation or protein modification. One instance of such regulation is the inhibition of glucose uptake by ␣KG, which accumulates during nitrogen starvation (41) . Our data, which show nitrogen starvation with the lowest glucose uptake rate and highest ␣KG concentrations among all conditions tested, are consistent with this key role for ␣KG in E. coli (though not in B. subtilis). However, ␣KG concentrations do not explain the variability in E. coli metabolic rates observed under conditions other than nitrogen starvation. A plausible candidate for another regulatory metabolite is PEP. PEP levels correlated well with the glucose uptake rate in stationary phase, due in large part to the high PEP concentrations observed under magnesium starvation, which led to the highest glucose uptake rate among all conditions. PEP acts as a phosphate donor for the PTS glucose uptake system, and as such, it is easy to see that PEP concentrations could positively affect glucose uptake. Such a mechanism would also be consistent with the PEP concentration acting as a signal of carbon starvation, as has been proposed in several studies (40, 45) .
Implications for synthetic biology and metabolic engineering. The finding of high glucose uptake during magnesium starvation opens the door to a critical direction in synthetic biology and metabolic engineering: the decoupling of growth and metabolic activity. Production of heterologous molecules in the absence of growth (i.e., during stationary phase) would eliminate the costly trade-off between biomass production and product synthesis. However, as shown in this work, overall metabolic rates during stationary phase tend to be an order of magnitude lower than metabolic rates during exponential growth, and thus increasing and extending the metabolic rates in stationary phase are of great interest. Previous efforts using directed evolution to increase the metabolic rate in E. coli under nitrogen starvation led to only minor improvements (16) . The fact that magnesium starvation in E. coli led to significantly higher rates than previously observed suggests that there is no inherent obstacle to high metabolic rates during stationary phase. The overflow of pyruvate under magnesium starvation means that engineered pathways that start at pyruvate or higher points in glycolysis could benefit immediately from this condition (subject to the caveat that many heterologous enzymes may also require magnesium). However, the major implication is that high metabolic activity during carbon-excess stationary phase is clearly possible, and decoding the regulatory networks that normally shut down metabolism under these conditions could allow similar rates under other conditions, which would be a major breakthrough in metabolic engineering. T ϭ 0 corresponds approximately to the end of the exponential growth phase. Metabolite concentrations (A, B, and F to H) are given in log 2 scale relative to the concentrations during exponential growth in M9 medium, while ratios (C to E) are given in absolute quantities. Dipicolinic acid (DPA) (F) is a major component of the spore coat, shown to demonstrate induction of sporulation. Lines are cubic spline fits. ‫"ء"‬ indicates that the methods used in this work cannot accurately distinguish reduced and oxidized cofactor forms. While the best estimate of [NAD ϩ ] is shown, the observed decrease can be due to either a decrease in the total NAD(H) pool or a decrease in the NAD ϩ /NADH ratio, and the same caveat applies to NADP ϩ .
